Introduction
Articular joint-replacement procedures have been used mainly in case of the hip joints and relatively few on the knee joints, mainly because the former can be substituted by spherical mechanical joint, while the latter cannot be substituted by a cylindrical one because of its rather complicated movements. There is, however, a great necessity for knee joint-replacement, and a number of trials have been made in this field. The complicated movements, structures and configurations have to fulfill two conflicting requirements when attempting a physiological design : moving and load-supporting capacity. There have been only a few satisfactory studies, because of kinematical complexities and the restriction of in-vivo measurements. We attempted to analyze the situation using a three dimensional model, taking into account effects of muscles and ligaments by applying precise curvequations derived from a computer-aided-design theory". The results of the above mentioned study indicated that, under proper assumption, relatively appropriate and correct estimations can be obtained by a simplified model-study.
2. Knee joint modeling by using a two-dimensional four-bar mechanism Figure-1 illustrates schematically the human knee joint : two cruciate ligaments give mutual connections and constraints between the femoral and tibial bones. To simulate the knee joint ( Figure  -1 ) by a two dimensional four-bar mechanism model ( Figure-2) , the following assumptions were made, 1) the cruciate ligaments are rigid.
2) a sagittally sectional configuration of a medial tibial plateau is a convex-arc and that of a lateral one is a concave-arc.
3) the meniscus are neglected. First, the lever-0304 was formulated as (1) Figure -1 Schema of the human tibia-femoral joint . 3. Characteristic analysis of sectional configuration curves
The radius of curvature and the arc-length of the curve are given as (6) For the femoral sectional configuration curves, finite differences of first difference were adopted instead of its secondary differential terms of equation (6) to avoid complications. Thereupon, their arc-lengths were calculated by Milne's refe7) numerical integration : defining an integrand function as ( 7) incremental width as •¢a ( 8) then they can be obtained from iterative calculations using a recurrence formula:
Using values in Figure- Therefore S1= S2 = 0 : pure rolling S1=1 or S2= 1 : pure gliding S1 > 1 or S2>1 : neglected.
So in Figure-7 (b), a reference point C represents a pure rolling state and the distance from it is proportional to the extent of sliding of a point. The extent of displacement of S1 is already known from equation (8), (9) . As for S2, it can be obtained from equation (5) :
Using equations (8), (9) and (12), the sliding ratios for the femoro-tibial contact points can be calculated. For a comparison to the previously reported experimental results, the knee flexion angle, as a parameter, was introduced ( Figure-8 ), instead of using the relationship derived from equation (2) .
For the tibial sectional configuration curves, arc-lengths can be calculated similarly from equation 
and (15) also can be delivered from Figure-10 (b). Radii of coupler curve in an arbitrary point Oa were, therefore, calculated by using equation (14) in the same manner as equations (6) Subsequently it differed from that spiral and showed an up-right tendency. The curve of the lateral one differed from the above mentioned three spiral when S was less than 30 mm, and subsequently also changed its characteristics. Figure-8 illutstrates the sliding ratios and shows that the rollingcomponents of both condyles increased with the flexion-angle and the gliding-components began to increase again after a 33 degree flexion-angle. The movements were race-like glidings of the femoral bone with the tibial one, as illustrated in Figure- were displaced vertically to a 0.01 height for distinction). Figure-11 illustrates the radii of the coupler curve in the contact points with the radii of the femoral configuration curve. It shows that the radii of the medial condyle were reduced to a minimum in flexion angle between 30 and 40 degrees and subsequently increased at almost a regular distance with that of contact points of the medial femoral curve. That of the lateral one increased rapidly after a 30 degree flexion angle, over that of the lateral femoral condyle. This may mean a winding-like contact of the tibial bone to the femoral condyle.
Discussion
The concept that the four-bar mechanism can substitute for the cruciate ligaments, is not new.
It was reported by Menschik8) that the envelope curve of the tibal plateau is similar to the femoral sectional configuration, however, his method is neither a quantitative nor a numerical analysis. A descriptive one and the spirals, (alluded to in section three in this paper), were introduced to this study, without provision of mathematical evidence. Many studies have been done on the femoral condyle's configuration, using data from knee joint cadavers. Sagittal sectional one have been considered the Archimedean spiral. Fitting, for example by the least square method, can attain a better fit by improving the coordinate, parameter size and approximation range determination. In fact, using three mathematical spiral-involutes of a circle, Archimedean and logarithmic spiral, Rehder9) reported that the femoral sectional configuration could be described by all three spirals in as similar measurement-accuracy, but the reverse was reported by Stanislaus10), using an approximation by polynomials of the third degree, the evolute of the curve did not show a monotonous increase-decrease tendency of its radii. This may indicate that the femoral curve cannot be fitted by any spiral. In this paper, the mathematical assessment was first made for a sagittal sectional configuration of a femoral condyle. By a characteristic analysis of the curvature -the arc relationship of its envelope curve, it is known that the curve is mingled with a few different spirals. Thus, the knee joint is said to make rolling movements from the extension to flexion at 20 degrees and from flexion 20 to 30 degrees with an added gliding-component, then only a gliding-movement in the normal state. A rhythm disturbance upon the sliding-rolling ratio is said to occur, depending on the extent of the pathology of the osteoarthritic states. No mention was made of the gliding-rolling ratio. There is no pure-gliding movement throughout the knee joint extension to the full-flexion, even at 33 degrees flexion, because the rolling-curve -the crossing point track of two cruciate ligaments -does not coincide with the sectional configuration curve of both bones and the curves are equivalent to co-existent curves of a plane-cam theory. This has been confirmed in few studies, Lindahl et al.6) and Yamaji12). Consequently there are always both gliding and rolling movements during flexion of the knee joint, thereby changing their ratio. We therefore applied the sliding ratio, which is usually used for gears, for a quantitative definion of the knee joint moving status (see equation (10) and (11)).
Summary
Kinematics of the human knee joint consist of flexion-extension and "screw home", some passive varus-valgus and rotation movements during flexion. Two conflicting factors must be satisfied : not only a wide range of movement but also a large load bearing capacity.
To evaluate the kinematics quantitatively and mathematically, it is necessary to know the anatomical configuration, structure and mechnics. Few related studies have been done in the past, except for Menscik's descriptive work 8) . In this paper, we described a two-dimensional kinematical knee joint model, which treats both articular surface configurations in the sagittal plane and ligaments, as a single functional unit : a four bar mechanism. Using this model, calculation was made for sectional configurations of femoral condyles and some specific sliding ratios at the contact points. Some of the local regional characteristics were examined.
